ABSTRACT: The aim of this pilot project was to introduce a novel use of acellular dermal matrix (ADM) in combination with infrapatellar fat pad mesenchymal stromal cells (IPFP-MSCs) to effect repair in a rabbit osteochondral defect model. ADM, in a range of surgical procedures, has been shown to promote remodelling of tissue at the site of implantation. Rabbit-derived ADM (rabADM) was prepared from the skin of donor rabbits. Autologous IPFP-MSCs were obtained at the time of knee surgery. Osteochondral defects (4 mm cartilage outer/2 mm central bone defect) were drilled into distal femoral condyles of 12 New Zealand White rabbits. Treatments groups: (i) defect only; (ii) rabADM alone; (iii) IPFP-MSCs alone; and (iv) rabADM with IPFP-MSCs. Condyles were harvested at 12 weeks, and analyzed using histology, immunohistochemistry (types I and II collagen) and histomorphometry to evaluate osteochondral repair. The rabADM only group achieved the highest ratio of type II to non-type II collagen (77.3%) using areal measures (similar to normal cartilage), which indicated a higher quality of cartilage repair. The addition of IPFP-MSCs, with or without rabADM, formed a fibrous collagen cap above the lesion site not seen with rabADM alone. Macroscopically, there was no joint erosion, inflammation, swelling or deformity, and all animals maintained full range of motion. Conclusions: RabADM alone resulted in neocartilage formation similar to native cartilage. IPFP-MSCs limited osteochondral repair and contributed to fibrosis, even in combination with the rabADM. Further studies using ADM for osteochondral repair are warranted in a more appropriate pre-clinical model of osteochondral repair. ß
Osteochondral repair has been difficult due to the lack of intrinsic capacity for cartilage to regenerate. 1, 2 Fibrocartilage that normally forms in response to cartilage damage is not normal tissue and lacks the compressive and hydrodynamic qualities of normal hyaline cartilage, and eventually leads to cartilage and bone degradation causing joint dysfunction and pain. 3 Approaches to osteochondral repair include debridement, marrow stimulation via microfracture, osteochondral grafting, and autologous chondrocyte implantation (ACI). [4] [5] [6] Some procedures provide symptomatic relief without changing the natural course of degenerative disease. 7, 8 Microfracture usually results in formation of fibrocartilage. 9, 10 Although some studies reported good early results, these eventually deteriorated. 11, 12 Similarly, osteochondral grafting, 13 ACI, 14, 15 and matrix-induced autologous chondrocyte implantation (MACI) 16 have shown some improvements over microfracture, but long-term results are variable. 17 An approach that will achieve good longterm clinical outcomes is needed.
Current tissue engineering approaches to cartilage repair include the use of biocompatible scaffolds with cells. Acellular biological scaffolds, comprising of extracellular matrix (ECM) components maintained in their natural state that can aid cellular repopulation, differentiation, and proliferation, has been utilized in tissue repair 18 and may hold a key for improved articular cartilage regeneration. Many scaffolds (single and multiple components) are available for clinical use, 18 however there is a minimal data available of long-term outcomes with these products. Although cross-linked acellular cartilage matrices have been described for repair of chondral and osteochondral defects, [19] [20] [21] translation to the clinic is problematic. A meta-analysis on the utility of acellular biomaterials for cartilage repair of an osteochondral defect concluded that the presence of acellular biomaterials was better than empty defect. 22 Acellular dermal matrix (ADM), originally described by Livesey et al., 23 is prepared using a unique decellularization process, which preserves ECM structure and biochemistry, does not illicit an inflammatory or tissue rejection response following allogeneic transplantation, and the transplanted graft exhibits revascularization and host cell repopulation. 23 The human equivalent, AlloDerm 1 , has since been used in diverse clinical surgical applications including abdominal wall reconstruction. 24 alloplastic breast reconstruction, 25 All studies were performed at St Vincent's Hospital Melbourne, Fitzroy, Australia and vaginal repair. 26 These reports highlight and reinforce the ability of the ADM to remodel to tissue at the site of implantation. The natural architectural complexity of the ECM is maintained in the ADM compared to the single component biomaterials. 22 Several sources of cells have been trialed for cartilage repair applications. The infrapatellar fat pad (IPFP) may contain immunoactive cells 27 that mediate pro-and/or anti-inflammatory responses. IPFPs are also a source of mesenchymal stem cells, similar to pluripotent bone marrow-derived stem cells 28, 29 with similar proliferative and chondrogenic differentiation capacities. 30, 31 The hypothesis of this study is that a natural intact ADM, alone or in combination with IPFP-MSCs, can promote osteochondral repair. The aim of this study was to determine whether rabbit-derived ADM, alone or in combination with autologous IPFP-MSCs, can repair an osteochondral defect in the rabbit femoral condyle in a one-step, single-site surgical procedure. This short-term pilot study was used to screen the efficacy of the acellular scaffold with and without inclusion of local stromal cells as a prelude to conducting the treatment in a more relevant pre-clinical model of osteochondral repair.
METHODS

Animal Ethics
Animal experiments were approved by St Vincent's Hospital Melbourne (SVHM) Animal Ethics Committee (AEC). All animal studies were conducted in accordance with the Australian Code for the Care and Use of Animals for Scientific Purposes (8th Edition). Animals were obtained from Nanowie Small Animal Production Unit (Modewarre, Victoria, Australia) or S&J Hurrell (Cowra, NSW, Australia) and maintained at SVHM.
Rabbit Acellular Dermal Matrix Processing
Full-thickness skin was harvested from three neonatal New Zealand White (NZW) rabbits (gender irrelevant) for preparation of rabbit-derived ADM (rabADM). The rabbit skin was cut to obtain a dermal thickness of approximately 250-300 mm thickness (Fig. 1A) (rabbit knee cartilage thickness) using a Leica VT1000 Vibratome (Leica Microsystems, Wetzlar, Germany) to isolate the epidermis/dermis prior to decellularisation (achieved by gluing the skin (Scotch-Weld cyanoacrylate (3M Corp. St Paul, MN)), hair-side down, onto adhesive tape on the Vibratome platform). The blade was elevated approximately 1 mm from the surface of the platform to achieve a cut through the dermis. The tape-adhered tissue (now containing the epidermis/dermis) was subsequently processed. During the initial steps of epidermis removal (using several non-denaturing detergent steps), the epidermis (along with the hair) (Fig. 1A ) remained adhered to the tape and was separated from the dermis (white tissue) and discarded. Decellularization was achieved using the original method 23, 32 and U.S. Patents 5,336,616 and 4,865,871. Briefly, the aseptic process involves removal of the epidermis (Fig. 1A) , followed by removal of dermal cells and cyroprotection in a carbohydrate complex solution. The cyroprotected rabADM was then packed in sterile poly-Tyvek pouches (Beacon Converters Inc. Saddle Brook, NJ), sealed Figure 1 . Histology of rabADM-processed tissue and biocompatibility testing. The rabbit skin was cut to obtain a dermal thickness of approximately 250-300 mm (Fig. 1A ) (average thickness of rabbit knee cartilage) using a Leica VT1000 Vibratome (Leica Microsystems) to isolate the epidermis/dermis prior to decellularisation. During the initial steps of epidermis removal and decellularisation, the epidermis (along with the hair) (A) remained adhered to the tape and was separated from the dermis (white tissue) and discarded. The dermis was then processed to remove all cells as shown in (B) (H&E stained section). Biocompatibility was assessed using a 21-day subdermal implant model in normal rabbits. Explants were fixed in 10% NBF and processed for paraffin embedding. Sections of 5 mm were obtained in cross-section (normal skin and implant shown) and H&E stained-the arrow depicts rabADM implant after 21 days (C). The implant showed host cell repopulation, integration into the site, and no evidence of encapsulation or inflammation. Higher magnification (black arrows to D and E), show capillaries within the graft with red cells present indicating revascularization through pre-existing channels. Scale bars as indicated. and freeze-dried (Virtis Genesis 25L freeze-dryer, SP Industries Warminster, PA). The freeze-dried tissue was subsequently packed and sealed under nitrogen atmosphere in foil pouches (Beacon Converters Inc.) and stored at À80˚C until use. Removal of cells negates the potential for a specific immune response. Maintaining the structural integrity (cryopreservation and freeze-drying) of the matrix removes any potential non-specific inflammatory response following transplantation. RabADM was characterized histologically and compared to fresh tissue (rabADM). Previous experiments have demonstrated that the decellularization and freezedrying process do not result in collagen degradation, and collagen banding patterns are identical between fresh and processed dermis (results not shown), as described by Livesey et al. 23 In vitro microbiological assessment was performed for anaerobic and aerobic bacteria detection over 14 days of culture (all negative; results not shown). In vivo biocompatibility testing of the processed rabADM was performed by subdermal implant in immune-competent NZW rabbits (21 days, n ¼ 3 animals) to identify any potential graft issues (e.g., sterility or graft damage). Routine haematoxylin and eosin (H&E) staining was performed on paraffinembedded explants (Fig. 1C ). Explants were assessed histologically for evidence of fibrous encapsulation, inflammatory responses (including extrusion, edema, and purulent formation), and biological responses (revascularization ( Fig. 1D and E) , host integration, and cellular repopulation).
In Vitro Chondrogenic Potential of Rabbit IPFP-MSCs
Rabbit IPFP-MSCs were isolated from three adult NZ white rabbits as described below. The in vitro chondrogenic potential of rabbit IPFP-MSCs was demonstrated using pellet culture technique of isolated cells treated under the same chondrogenic conditions (in the presence of the growth factors TGF-b3 and BMP-6) as previously described for human IPFP cells [32] [33] [34] (Fig. 2) . Resulting pellets were stained with H&E, toluidine blue and expression of type I and II collagen were detected by immunohistochemistry as described below.
Rabbit Osteochondral Model
Osteochondral defects were created in the weight-bearing aspect in the femoral condyles of both hind limbs of 12 young adult female NZW rabbits (acclimated weight 2.8 AE 0.2 kg, mean AE SD) after subcutaneous injection of pre-anesthetic and general anesthesia (Ketamine 35 mg/kg (CEVA Animal Health Pty Ltd, Glenorie, NSW, Australia) and Xylazine 5 mg/kg (Troy Laboratories Pty Ltd, Glendenning, NSW, Australia)). Animals were maintained under Isoflurane (AbbVie Pty Ltd, Botany, NSW, Australia)/oxygen for the duration of the procedure. Animals received analgesic of Carprofen 1.5 mg/kg (Carprofen Ventral TM , Sigma-Aldrich Corp., St Louis, MO) subcutaneously post-surgery. Once anaesthetized, the rabbits' knees and groin were shaved and skin decontaminated using 70% alcoholic chlorhexidine solution (Biotech Pharmaceuticals Pty Ltd, Laverton North, Victoria, Australia). A midline longitudinal incision was made over the knee joint followed by a medial parapatellar approach to the knee. A limited quadriceps release was required to mobilize the patella, which was then dislocated laterally. IPFPs were removed from rabbit knees with a scalpel and placed in sterile saline then diced using fine scissors prior to collagenase digestion. The knee was flexed to reveal the weight bearing areas of the femoral condyles. A 4 mm stainless steel drill bit (Sutton, NZ) was used to create a chondral defect in the center of the femoral medial condyle. Histology and immunohistochemistry of rabbit IPFP-MSCs in pellet culture at 28 days. IPFPs were harvested from rabbit knees and digested to release IPFP-MSCs which were expanded in vitro then pelleted (pellet cultures) and differentiated using TGF-b3 and BMP-6 to stimulate chondrogenesis. Paraffin-embedded pellets were sectioned at 5 mm for H&E, toluidine blue (proteoglycans), and immunohistochemistry (type I and type II collagen) using DAB. Chondrogenic pellets showed increase chondrocytic morphology by day 28, and expressed proteoglycan, type II collagen, and some type I collagen deposition in the extracellular matrix. Control cell cultures (no chondrogenic stimuli) did not form pellets and did not exhibit chondrocytic morphology. Isotype controls are shown. Scale bars represent 500 mm.
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This was followed by the drilling of a 2 mm hole using a stainless steel drill bit (Sutton, NZ) in the center of the 4 mm defect to penetrate into the subchondral bone (at a depth of approximately 2 mm), thus creating an osteochondral defect (see Fig. 3A and C (schematic)).
Animals were randomly allocated to the treatment groups (the same treatment was not consecutively performed). For the rabADM groups, freeze-dried rabADM was brought to room temperature and rehydrated in sterile normal saline (Baxter International Inc., Deerfield, IL). A 2 and 4 mm diameter discs of rabADM were created using sterile skin biopsy punches (Kai Medical, Solingen, Germany): 2 mm rabADM was used to fill the 2 mm defect and Tisseel fibrin sealant (Baxter) was used to fix the 4 mm rabADM in the defect site according to manufacturer instructions (see Fig. 3B ).
Subsequently, the patellar was relocated and the surgical site was closed using 4-0 Monocryl sutures (Ethicon, Johnson & Johnson Medical, Somerville, NJ). The skin was closed with a subcuticular continuous stitch (5-0 Monocryl suture) (Ethicon) and reinforced with interrupted sutures where necessary. All operated knees were immobilized using a plaster cast for seven days at approximately 90-100˚of flexion. Animals were allowed to recover on a heat pad before being returned to their pen. Animals were monitored by animal technicians daily. Once the plaster was removed, the rabbits were allowed to mobilize freely in open pens (hay bedding) for the remainder of the 12 weeks. Access to food and drink was ad libitum. Rabbits were humanely killed using inhalation anesthesia followed by intra-cardiac injection of Lethobarb (Virbac Australia Pty Ltd., Milperra, NSW, Australia). The knees were harvested for histological analysis as described.
Autologous IPFP Harvest and Re-Implantation Harvested IPFPs were diced and tissue digested in 0.2% collagenase (types I and II) (Worthington Biochemical Corporation, Lakewood, NJ) in DMEM (Lonza Group, Basel, Switzerland) supplemented with antibiotics (Gibco, Life Technologies, Carlsbad, CA) for one hour at 37˚C under constant agitation, as previously described. 33, 34 The digest was filtered through a 40 mm filter (BD Falcon, Bedford, MA) and washed three times, followed by re-suspension of the cell pellet in sterile phosphate buffered saline (PBS) (Gibco) before the cells were counted (Scepter TM , Merck Millipore, Billerica, MA). Approximately 90,000 (89,500 AE 17,564 cells) were inserted into each defect (within the subchondral region, through the 2 mm central drill hole). The defect sites with cells were left uncovered or covered using 2 and 4 mm plugs of rabADM (as shown in Fig. 3) .
The four treatment groups were: (i) defect only; (ii) rabADM only; (iii) IPFP-MSCs only; and (iv) rabADM plus IPFP-MSCs.
Histology and Immunohistochemistry
Explanted femurs were trimmed to the level of the condyles, which were then bisected along the trochlear groove using a Buehler TM IsoMet low speed bone-cutting saw (Buehler Ltd, Lake Bluff, IL). Each condyle was fixed in 10% NBF (Sigma-Aldrich) for 5 days under vacuum, decalcified using 10% (w/v) EDTA (Sigma-Aldrich) (pH 7.2) in PBS (Gibco) for 3 weeks under constant agitation, and then processed for paraffin embedding. Sections (5 mm) (MICROM H325 Rotary Microtome, MICROM Interational GmbH, Waldorf, Germany) were taken at the mid-point of the defect and were stained with H&E and safranin-O/Fast green FCF (Sigma-Aldrich). 34 Immunohistochemical Assessment of Types I and II Collagen Briefly, 5 mm sections were pre-treated with 0.3% hydrogen peroxide (Merck Millipore, Darmstadt, Germany), subjected to Proteinase K antigen retrieval (Dako, Glostrup, Denmark) and blocked using 10% normal rabbit serum (Dako) for 30 min at room temperature. The primary antibodies used were: mouse monoclonal anti-human type II collagen antibody (1:500) (MP Biomedical, Solon, OH); goat polyclonal antihuman type I collagen (1:500) (SouthernBiotech, Birmingham, AL); and mouse monoclonal anti-human cartilage proteoglycan antibody (1:500) (Merck Millipore) for 60 min at 37˚C. Isotype controls included goat IgG (SouthernBiotech) and mouse IgG (Invitrogen, Thermo Fisher Scientific). Secondary antibodies used were biotinylated rabbit anti-goat and rabbit anti-mouse antibodies (Dako). Secondary antibodies were applied for 30 min at room temperature followed by horseradish peroxidase-conjugated streptavidin using the Vectastain ABC kit according to the manufacturer's instructions (Vector Laboratories Burlingame, CA). The reaction was developed using peroxidase substrate 3,3-diaminobenzidine (DAB) Figure 3 . Rabbit condyle: defect and implantation strategy. The empty osteochondral defect is shown in (A). In the rabADM groups, 2 mm diameter rabADM discs were used to fill in the central deeper 2 mm hole and a 4 mm diameter disc of rabADM was used to cover the entire defect, held in place with Tisseel (B). The treatment strategy is shown in (C): defect alone (control) served as a negative control, RabADM only, IPFP-MSCs only, and rabADM plus IPFP-MSCs. In defects treated with cells, autologous IPFP-MSCs were injected into the base of the osteochondral defect and the defect was either left uncovered (cells-only group), or covered with rabADM disc (rabADM plus cells group) as indicated. (Dako) for 5 min. Sections were counterstained with haematoxylin and mounted with Pertex (Histolab Products AB, Gothenburg, Sweden). Types I and II collagens were assessed by conventional techniques as reported previously. 33, 34 Other matrix components were not assessed in this study.
Histomorphometric Analysis
Quality of the repair was assessed by two-dimensional areal analysis type II versus type I collagen as a percentage of the total area of cartilage repair. This measurement was performed using the CellSense Imaging software version 1.4 (Olympus, Tokyo, Japan). An example of this image analysis is shown in Figure 4 .
Data Analysis
Data was analyzed using GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA). Results are presented as the mean and standard deviation (SD) and unpaired one-way ANOVA analysis with multiple comparisons using Tukey's method were used for statistical analysis. The ROUT method to exclude outliers from all data was used with a Q value of 0.5%.
RESULTS
Animals
Biocompatibility assessment: RabADM samples displayed no evidence of inflammation, edema, or fibrous encapsulation. All test grafts were revascularised ( Fig. 1D and E) and repopulated with host cells and integrated into the site (Fig. 1C) . In vitro batch testing for microbial growth was negative (results not shown). Grafts were deemed safe for knee surgeries.
Knee Surgeries
All rabbits recovered well and were active after plaster removal without signs of discomfort or autophagy for the entire study. One case of wound irritation by the plaster resolved spontaneously without complication. Two rabbits were excluded from the study due to non-graft-related complications (one developed pneumonia at 10 weeks and died acutely; one developed a patellar subluxation and fusion). The remaining rabbits had no evidence of infection, inflammation, cyst formation or pain. The study number was therefore n ¼ 5 (defect sites) for each group. All rabbits gained weight throughout the study (2.8 AE 0.2 kg to 3.8 AE 0.3 kg, mean AE SD). All external surgical wounds healed, joints were not deformed and had full range of motion.
Macroscopic Evaluation of Explanted Knee Joints
Images of each explanted knee are shown in Figure 5 and, qualitatively, the surrounding cartilage did not show any signs of inflammation, damage, or erosion. There was some variability in the macroscopic appearance of repair within each group, from excellent macroscopic repair displaying the same color, consistency, and smoothness as the surrounding cartilage, to clear differences between the defect site and the surrounding cartilage (Fig. 5) . The "cells only" and "rabADM plus cells" groups displayed hypertrophy in the defect where the resultant tissue was raised above the joint surface by approximately 1-2 mm (Fig. 5O and O-2) . The surface of the repair in the "defect only" group and repairs that involved the use of only cells appeared to be rougher, and the resulting tissue appeared opaque/white compared to the surrounding cartilage. In some cases, the "defect only" group still displayed the obvious defect. There appeared to be loss of the 4 mm rabADM cap from one animal (Fig. 4H) . The resulting analysis showed this to be an outlier in the data set and was excluded from analysis. The rabADM only group therefore was n ¼ 4 animals).
Histology and Immunohistochemistry
RabADM Only Group Histological evaluation of the "rabADM only" group, showed cartilaginous tissue which comprised mostly of type II collagen with a small proportion of type I collagen (representative image in Fig. 6 ). Safranin-O staining was present only in the cartilage layer of the repair and a clear demarcation between cartilage and bone had formed with reformation of the tidemark (Fig. 6) . Chondrocyte clustering was apparent in most repairs and, some had formed columns of lacunae. The vertical integration of the rabADM with the underlying subchondral bone was excellent, which indicated the ability of this matrix to reform the correct anatomical positioning of both bone and cartilage. RabADM does not contain type II collagen, hence, the repaired tissue that contained type II collagen was produced de novo indicating that the correct cells had repopulated the matrix and remodeled the matrix. Lateral integration of the rabADM was variable Figure 4 . Quality of repair: ratio of type II to non-type II collagen in repaired cartilage. Quality of the repair was assessed by measuring the area of type II versus non-type II collagen as a percentage of the total area of cartilage repair. The outline of the cartilage repair was traced to measure the total area of repair (green). Subsequently, the area of type II collagen staining was measured by tracing the areas stained by the type II collagen antibody (red). The non-type II collagen area includes type I collagen staining (see Fig. 6 ). The presence of other non-collagen matrix components was not assessed in this study. This measurement was performed using the CellSense Imaging software version 1.4 (Olympus Corporation, Hamburg, Germany).
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(from excellent lateral integration to minimal integration) but all had surrounding healthy cartilage.
Cell Only Group
Histological evaluation of the "cells-only" group, showed good coverage of the defect site in most cases (representative image in Fig. 6 ). The repair was comprised of a combination of types I and II collagen. The base of the cartilage repair layer contained predominantly type II collagen but in most cases a fibrous cap comprised of type I collagen had formed, consistent with the macroscopic images (shown in Figure 5 . Macroscopic images of explanted rabbit condyles. These are photographic images of explanted rabbit condyles: Control (defect only) (A-E), rabADM only (F-J), cells only (K-O, O2), rabADM plus cells (P-T). Dotted lines mark the defect site. In all cases, there was no evidence of joint erosion or damage to surrounding cartilage. The macroscopic appearance of the repair was variable. Defect only: there were clear areas of incomplete repair where depressions remained at the defect site. RabADM only: overall showed excellent macroscopic repair, with colour, consistency, and smoothness equivalent to the surrounding cartilage. Cells only: overall, the repair appeared to be rough compared to the surrounding cartilage, the repair site appeared more opaque/white compared to the surrounding cartilage; there was evidence of hypertrophy at the site with the resultant tissue being raised by 1-2 mm (O-2)-see arrow). RabADM plus cells: Overall, there was good infill of tissue in the defect site. However, the site appeared similar to the "cells only" group, with hypertrophy at the site present (T).
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YE ET AL. Fig. 5O and O-2) . The repair appeared hypertrophic and incongruent with the surrounding tissue. Some repairs failed to regenerate subchondral bone within the centre of the repair, instead filling the hole with what appears to be fibrous tissue, which is not normal tissue (data not shown). Safranin-O staining was seen throughout the repair localizing with areas that also stained for type II collagen. Lateral integration with the surrounding cartilage was inconsistent. Vertical integration was good with formation of the tidemark in most cases.
RabADM Plus Cells Group
The "rabADM plus cells" group showed good defect fill (Fig. 6) with regeneration of both a cartilage layer, subchondral bone and reformation of the tidemark, in most cases. Most repairs in this group consisted of a superficial fibrous layer consisting of predominantly type I collagen overlaying a deeper layer positive for type II collagen (Fig. 6 ). This superficial fibrous layer was not seen in the rabADM alone group (Fig. 6) . In some cases, hypertrophic repair was noted, (Fig. 5R-T ) similar to that observed in the "cell-only" group (Fig. 5O) . Subchondral bone formation was mostly adequate; however, in two animals, the central portion of the repair showed fibrous tissue formation. This was in contrast to the "rabADM only" group, which did not show any fibrous tissue within the defect below the tidemark. This may indicate that, in vivo, these cells behave independently of the matrix and indeed interfere or compete with endogenous repair initiated by the rabADM.
Control Group
The defect-only group showed either poor defect fill or some evidence of auto-repair in the lesion (Fig. 6) . The repair tissue showed mixed staining for types I and II collagen, typical of fibrocartilage. The partial autorepair capability in a subchondral defect in the rabbit is well documented and is a limitation in this model, as is the size of the defect that can be created.
Histomorphometric Analysis-Ratio of Type II to Non-Type II Collagen Results of the image analysis using the areal ratio of type II collagen versus non-type II collagen by conventional immunohistochemistry for quality of repair tissue are shown in Figure 7 . The results of the "rabADM group" were not significantly different to normal cartilage values (for both types II and I collagen). All other groups were significantly different to normal cartilage (i.e., significantly lower for type II collagen and significantly higher for non-type II collagen), and were similar to control (empty) group. The mean percentage of type II collagen staining in the repair tissue for the rabADM group (77.3%) was significantly greater than all other groups except for the rabADM plus cells group (57.3%). Normal cartilage was 97.0% type II collagen. Figure 7 is a graphical representation of the proportion of hyaline (type II collagen) versus fibrous tissue (non-type II collagen) within each group.
DISCUSSION
This study demonstrated that ADM, a specially prepared acellular biological matrix, can revascularize, initiate cartilage repair in the host site, and remodel to cartilage and bone, reconstructing the correct anatomical interface of bone and cartilage. The resulting de novo cartilage tissue in the osteochondral defect appeared morphologically similar to normal cartilage with respect to the proportion of type II and non-type II collagen proteins present (type I collagen being the major component). Using the proportion of type II collagen to non-type II collagen proteins, the "rabADM alone" performed better than the IPFP-MSCs alone in this osteochondral defect model. The addition of IPFPMSCs resulted in the formation of a superficial hypertrophic fibrous cap over the defect site, whether in the absence or presence of rabADM, promoting increased type I collagen expression. Although the rabADM plus cells group was not significantly different from "rabADM alone" with respect to the proportions of type II collagen and I present, the "rabADM plus cells" group was also not significantly different to the empty defect control, but was significantly different to normal cartilage. Although the in vitro chondrogenic potential of these cells was demonstrated (Fig. 2) , cell viability in vivo was not addressed in the current study and cell death may have contributed to the hypertrophy. Fluorescence activated cell sorting Figure 6 . Representative histology and immunohistochemistry images. Representative H&E and safranin O (proteoglycan staining) stained images and types I and II collagen immunohistochemistry of cartilage sections for control (empty defect), rabADM only, cells only, and rabADM plus cells groups. Sections were cut perpendicularly to the cartilage surface and sections were assessed at approximately midway through the defect site (included the 2 mm central defect). Hypertrophy at the defect site is evident for the groups containing cells. Types I and II collagen expression is seen in all groups at the repair site. Variable lateral integration can be seen in all groups. The tidemark was re-established in most cases. However, the anatomical demarcation of cartilage and bone without hypertrophy was evident in the rabADM only group.
OSTEOCHONDRAL REPAIR WITH BIOLOGICAL MATRIX and collection of the IPFP cells displaying exclusive "stem cell" phenotype was not performed in this study as cells would require additional culturing to recover following enzyme digestion.
Scaffold-alone treatments for cartilage repair are gaining popularity. 35 This biological matrix supports the host's intrinsic regenerative capabilities. Integration likely occurs via revascularization, correct cell repopulation for the tissue of interest, and remodeling most likely via retention and integrity of crucial biological matrix components which may be required for stem cell recruitment/migration. 36, 37 Image analysis of immunohistochemistry provided key information regarding the quality and quantity extent of defect repair. Type II collagen expression is considered a marker of chondrocytic activity. 38, 39 The proportion of type II collagen was considered a surrogate marker for hyaline cartilage, and therefore a marker for the quality of the repair. RabADM substantially improved production of type II collagen protein, measured by immunohistochemistry and compared using area ratio of type II collagen/nontype II collagen. 40, 41 Results in the rabADM group reflected those measured in normal cartilage tissue. It was clear that the rabADM group performed well, and produced repairs that were mostly hyaline-like cartilage. RabADM contains no type II collagen. Therefore, the type II collagen that was produced in the defect site was generated by host cell repopulation. The ADM provided a permissive matrix to enable true tissue regeneration, by revascularizing with host cells (to aid in ADM integration with host tissue, 42, 43 before remodeling to an avascular cartilage tissue. 44 In the current study, introduction of IPFP-MSCs appears to interfere with tissue regenerative responses seen with rabADM alone resulting in generation of more fibrous-like tissue. Both these approaches (i.e., ADM alone or with cells) may induce tissue regeneration; however, the addition of extrinsic cells led to fibrosis whereas the cells recruited to the acellular dermal matrix did not.
Joint surface congruency is important in providing smooth movement at the articular surfaces. The rabADM group again provided the closest approximation to the anatomical joint surface in the resultant repaired tissue. As described above, addition of cells resulted in hypertrophy of the repair with a formation of a fibrous cap at the site. The control group typically resulted in a deficit and poor cartilage repair. Neither of these latter two outcomes is ideal.
This project used a one-step surgical procedure to achieve all elements of repair including autologous stromal cell harvest and re-implantation. Similar stem cell harvesting techniques have already been trialed in a number of studies. 16, 45 Although the results of the IPFP-MSCs in this study were considered inferior to the rabADM material alone, further uses for the IPFPMSCs have not been discounted. For example, pretreatment of the cells, and their efficacy in other larger animal models over longer periods of time have not been assessed.
A number of limitations were identified in this study. The major limitation was the use of a rabbit animal model. This model has a propensity towards auto repair, if the defect is of a "non-critical" size. Anatomically and biomechanically, porcine or sheep models are recommended for future studies. The thin rabbit cartilage made graft fixation very difficult. Fibrin sealant may have caused some variability in the repair response, however, fibrin sealant alone has been shown to be ineffective as a treatment. 46, 47 Although fibrin has shown some effects on cell proliferation in vitro, 48 this does not necessarily translate in vivo. In fact, The ADM only group, despite having fibrin sealant present, did not form a fibrous, hypertrophic cap in any animal. The fibrin sealant may have had some impact on survival of injected cells. However, the fibrous cap also occurred in the "cells-only group" that did not have the fibrin sealant applied. This graph represents the proportion of type II collagen (hyaline) (black bars) and non-type II collagen tissue (hatched bars) within the repair. Normal cartilage was used as the uninjured comparison. The asterisk marks significant difference of each group when compared with normal cartilage for both type II collagen and non-type II collagen proteins. The repaired tissue in the rabADM group was predominantly type II collagen and most closely resembled normal hyaline cartilage compared with the other groups. Except for the non-significant comparisons indicated, all other groups were significantly different from the rabADM group and normal cartilage. Two-way ANOVA with multiple comparisons (Tukey's method); Ã p < 0.05, mean AE SD; n ¼ 5 in normal cartilage, defect only, rabADM plus cells, and cells only groups; n ¼ 4 in rabADM only group (outlier excluded).
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The conclusion was that the fibrous cap was attributed to the cell component of the treatment. Suturing of rabADM to adjacent cartilage was considered, but other pilot studies showed that this compromised integrity of the adjacent cartilage (data not shown). Despite inherent limitations, this small animal model was appropriate for screening efficacy of scaffolds/cells for consideration in larger, more clinically relevant models such as sheep, goat, and horse. 49, 50 In summary, the rabADM scaffold was biocompatible and facilitated production of hyaline-like cartilage, without hypertrophy. Restoration of the correct anatomical positioning of cartilage and bone demonstrates the plasticity of ADM with appropriate remodeling into both tissue types within the surgical site. This plasticity is demonstrated by the appearance of type II collagen in the repaired tissue not detected in rabADM before implantation. Addition of IPFP-MSCs appeared to be detrimental to repair causing consistent hypertrophy within the defect and some fibrosis within the bone region of the repair. This study has demonstrated the potential of ADM for osteochondral repair.
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